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Unbiased (biased) illuminations are performed at low temperatures on dopant-free two-
dimensional electron gases (2DEGs) at different depths in undoped GaAs/AlGaAs, while gates
are kept grounded (held at a finite voltage, either positive or negative). Unbiased illuminations
in 2DEGs located more than 70 nm away from the surface result in a gain in mobility (for the
same electron density), driven by the reduction of background impurities. In 2DEGs closer to the
surface, unbiased illuminations result in a mobility loss, driven by an increase in surface charge den-
sity. Biased illuminations performed with positive applied gate voltages result in a mobility gain,
whereas those performed with negative applied voltages result in a mobility loss. The magnitude
of the mobility gain (loss) weakens with 2DEG depth, and is likely driven by a reduction (increase)
in surface charge density. Experimental results are modeled with Boltzmann transport theory, and
possible mechanisms are discussed.
I. INTRODUCTION
Illuminating a two-dimensional electron gas (2DEG)
in a modulation-doped GaAs/AlGaAs heterostructure to
increase its mobility at cryogenic temperatures is a well-
known, commonly used technique in transport experi-
ments. This effect, known as persistent photoconductiv-
ity [1–3], can last for many weeks, as long as the sample
is not warmed up above the temperature T∼ 100 K. In
most cases, mobility is increased primarily through the
increase of the electron density, which causes a more ef-
fective screening effect of charged impurities. Increasing
the electron density is mostly achieved by exciting elec-
trons out of deep-level dopants known as DX centers, but
also to a lesser extent by generating electron-hole pairs
which are then separated due to the electric field in the
material [4–6]. In both cases, the photo-excited electrons
are captured in the GaAs conducting channel. Incremen-
tal illumination in small doses (intensity × duration) can
be used for precise tuning of the carrier concentration in
modulation-doped ungated heterostructures [7]. Aside
from acting on the dopants (DX centers), illumination
may also have other effects, such as activating or deac-
tivating unintentional impurity atoms, or affecting the
overall electric field in the crystal. In modulation-doped
2DEGs, these effects can be difficult to separate from ef-
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fects associated with the intentional dopants, which typ-
ically outnumber background impurities by three to five
orders of magnitude.
The limitation described above can be circum-
vented by using GaAs-based dopant-free field ef-
fect transistors (FET), either in the semiconduc-
tor–insulator–semiconductor field-effect transistor (SIS-
FET) geometry [8–14] or the heterostructure-insulator-
gate field effect transistor (HIGFET) geometry [15–22].
Dopant-free field effect transistors have been used to
produce quantum wires [15, 23–25] and quantum dots
[26–30]. Relative to their modulation-doped counter-
parts, dopant-free devices have exceptional reproducibil-
ity and low disorder [25, 28, 31], potentially making them
suitable to study fragile fractional quantum Hall states
[18, 22]. Illumination has been studied in SISFETs, but
with conflicting reports [9, 12, 32]. The effect has not
been studied in HIGFETs.
In this article, we report on the effects of illumination
on two dimensional electron gases (2DEGs) in dopant-
free Hall bars in the HIGFET geometry. We model the
mobility, and quantify the effects of illumination on sur-
face states and background impurities. We characterize
bias illumination, an experimental technique where illu-
mination is performed while gates are held at finite volt-
ages, whose effects are markedly different from unbiased
illumination. Studying the effects of bias illumination
is particularly relevant for the recently active fields of
photon-spin devices [33] and of in-plane p-i-n junctions





























to be periodically warmed up to room temperature to
be “reset”. Bias illumination appears to allow in-situ
control of surface charge, which could affect quantum
dots and/or interferometers suitable as qubits. Section
II covers the growth and fabrication of samples, section
III covers the scattering theory used to model mobilities,
section IV covers the transport experiments, and section
V covers the discussion and conclusions about the work
presented here.
TABLE I. Index of samples for which data is shown in at
least one figure of the main text (20 devices in total were
measured). The MBE layer structure of the wafers is shown
in Figure 1 below.
Sample Wafer 2DEG AlGaAs
ID ID depth (nm) barrier (nm)
Series I A W639 160 150
B W640 110 100
C W641 60 50
D V627 30 20
Series II E G404 310 300
F G404 310 300
G G404 310 300
H G373 160 150
J G372 110 100
K G370 75 65
L G370 75 65
M G370 75 65
FIG. 1. (color online) MBE layer structure of GaAs/AlGaAs
single heterojunctions used in this paper in (a) Series I, and
(b) Series II. The AlGaAs barrier thickness for each wafer is
listed in Table I above.
II. SAMPLE GROWTH AND FABRICATION
Two series of wafers were grown by molecular beam
epitaxy (MBE) [35]. Series I included three dopant-
free GaAs/Al0.33Ga0.67As single-heterojunctions (W639,
W640, and W641) grown on the same day. An ultra-
shallow single hetorojunction (V627) was grown in a dif-
FIG. 2. (color online) (a) Optical photograph of an ambipo-
lar Hall bar with a semi-transparent 5 nm Ti topgate (in dark
blue), as well as the electrical circuit used for measurements.
(b) Structure layout for theory model. The dashed red line
indicates the location of the 2DEG/2DHG (at z = 0), at a
depth d below the wafer surface. Interface roughness irregu-
larities are shown, along with definitions for their separation
distance Λ and average height ∆. The GaAs layer is treated as
semi-infinite (towards the substrate), and the GaAs capping
layer is treated as part of the AlGaAs barrier.
ferent chamber with an Al0.90Ga0.10As barrier rather
than an Al0.33Ga0.67As barrier. Series II included
three GaAs/Al0.30Ga0.70As single-heterojunctions grown
consecutively over two days (G370, G372, and
G373), and another “deep” GaAs/Al0.30Ga0.70As single-
heterojunctions was grown a few weeks afterwards
(G404). The MBE layer structures of all these wafers
are shown in Figure 1, where the AlGaAs barrier layer
thickness was varied from 20 nm to 300 nm. All wafers
were grown on 3” semi-insulating (SI) GaAs (001) sub-
strates. Hall bars were fabricated on all 8 wafers, and
were oriented in the high mobility crystal direction [11̄0].
The fabrication of unipolar (2DEG only) Hall bars on
wafers from Series I is extensively described in Ref. [17].
Briefly, after depositing and annealing the Ni/AuGe/Ni
n-type ohmic contacts, a 500 nm insulator layer of pho-
toimageable polyimide (HD4104) was deposited. Above
the insulator layer, a thin Ti/Au (5 nm/1 nm) semi-
transparent topgate covers the entire surface of the 2DEG
(overlapping the ohmic contacts), and varies the electron
density. Surprisingly, otherwise identical Hall bars with a
thicker, “opaque” topgate (Ti/Au 20/80 nm) gave simi-
lar results as those presented here with the thin topgates.
Because of the thick polyimide insulator layer, we spec-
ulate that light can travel inwards and underneath the
topgate from its edges.
If both n-type and p-type ohmic contacts are present
on a dopant-free Hall bar, a 2DEG or a two-dimensional
hole gas (2DHG) can be induced, depending on the volt-
age polarity applied to the topgate. The fabrication of
ambipolar Hall bars on wafers from Series II is described
in Refs. [17] and [19]; such a device is shown in Figure
2a. Briefly, after the deposition/anneal of Ni/AuGe/Ni
n-type ohmic contacts and AuBe p-type ohmic contacts,
a 300 nm SiO2 layer was deposited by plasma-enhanced
chemical vapor deposition (PECVD) with typical break-
down voltages of 25-35 Volts. Above the insulator layer,
a Ti/Au topgate covers the entire surface of the 2DEG
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or 2DHG (overlapping the ohmic contacts), and varies
the carrier density. As with Series I, devices with a 5 nm
semi-transparent Ti topgate gave similar results to those
with a Ti/Au topgate.
III. BOLTZMANN TRANSPORT MODEL
The mobility µ of carriers (electrons, holes) is limited
by their interactions with their environment via scatter-
ing events, and relates to the total scattering relaxation
time τtotal (time interval between scattering events) by
µ = eτtotal/m
∗, where m∗ is the effective mass and e
the elementary charge. The total scattering rate 1/τtotal
of carriers is simply the sum of the rates of all scatter-


























where 1/τbi-1 is the scattering rate due background impu-
rities in AlGaAs, 1/τbi-2 is the scattering rate due back-
ground impurities in GaAs, 1/τir is the scattering rate
due to the GaAs/AlGaAs interface roughness, and 1/τsc
is the scattering rate due to surface charges. Phonon
scattering is neglected, as all measurements were per-
formed at the same low temperature (T ∼ 1.5 K) and are
only compared relative to each other. Sources of scat-
tering are treated within the semi-classical Boltzmann
transport formalism. A detailed derivation of how each
scattering mechanism contributes to the mobility can be
found elsewhere [37–39]. but key approximations and ex-
pressions are described below and in the Appendix.
An analytical wavefunction for the carriers is cho-
sen: the Fang-Howard wavefunction Ψ(r, z) ∝ ψ(z) eik·r,
where r is any direction within the x-y (2DEG) plane
and z is the MBE growth direction with z= 0 the
GaAs/AlGaAs interface where the 2DEG resides (see
Fig. 1b). Following the orientation convention in Fig. 2,
the wavefunction ψ(z) is [40, 41]:














where mz is the effective mass in the growth direction
(mz = m
∗ = 0.067m0 for electrons with m0 the free
electron mass), ε0 the vacuum permittivity, εr the rel-
ative permittivity of GaAs and AlGaAs (approximating
εr = ε
GaAs
r ≈ εAlGaAsr ≈ 12.8), and n2d the 2D carrier
sheet density. The ψ(z) wavefunction typically spans
10-30 nm at the carrier densities used in experiments,
and its maximum occurs at a distance of 2/b below the
GaAs/AlGaAs interface. The Fang-Howard wavefunc-






























where q = 2kF sin(θ/2) is the scattering wavevector
(with scattering angle θ) and kF =
√
2πn2d is the Fermi
wavevector.
Taking into account that the potential from an ionized
impurity is partially screened by the 2DEG (dielectric
screening) and using the Thomas-Fermi approximation,
the dielectric function ε(q) can be written as:






which includes Ffh(q) to account for the finite width of
the 2DEG wavefunction.
Applying Fermi’s golden rule to a 2DEG with scatter-
ing potential U(q), the following general expression for














for which the corresponding |U(q)|2 terms and associated
scattering rates 1/τir, 1/τsc, 1/τbi-1, and 1/τbi-2 are de-
scribed respectively by equations (A2), (B4), (C4), and
(D7) in the Appendix. For convenience, only the final ex-
pressions for the scattering rate of each scattering mech-


























































where ∆ is the height of irregularities in the z direction
at the GaAs/AlGaAs interface (Fig. 1b), Λ is the separa-
tion distance in the x-y plane between these irregularities
(Fig. 1b), d is the distance of the GaAs/AlGaAs interface
(or nominal 2DEG depth) to the wafer surface, Nsc is the
sheet concentration of surface charges, Nbi-1 is the vol-
ume concentration of background impurities in AlGaAs,
Nbi-2 is the volume concentration of background impuri-
ties in GaAs, and FGaAs(q) is a form factor described by
equation (D5). By substituting the scattering rates 1/τi
expressed in eqns. (9)-(12) into equation (1), the trans-
port mobility can be calculated.
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FIG. 3. (color online) (a) Reproducibility of mobility between
two cooldowns of the same Hall bar, before illumination. (b)
Reproducibility of mobility characteristics for two Hall bars
from the same wafer before illumination. (c) Typical quantum
Hall effect and Shubnikov-de-Haas oscillations before illumi-
nation, with visible quantized Hall plateaus at filling factors
ν = 2, 3, 4, 6, and 8.
This model has been very successful at explaining be-
havior both from shallow and deep dopant-free 2DEGs
(see Ref. 17, as well as Figures 12 and 13 in the Ap-
pendix). Since we experimentally extract the interface
roughness parameters ∆ and Λ from wafer surface anal-
ysis with an atomic force microscope (AFM) (see Ap-
pendix A), these parameters are not free variables when
fitting experimental mobilities to this model. In the case
of deep 2DEGs, curve-fitting can be reduced to a single
free variable: the average background impurity concen-
tration (see Figure 13 in the Appendix).
IV. EXPERIMENTS AND ANALYSIS
The following applies to all Hall bar measurements de-
scribed in this paper. Constant current (100 nA) four-
terminal measurements were performed in a pumped-4He
cryostat (T∼ 1.5 K), with standard AC lock-in tech-
niques using SR-830 lock-ins and SR-560 voltage pre-
amplifiers [43]. Typical ohmic contact resistances were
500-1500 Ω in 2DEGs (these are resistive because of the
thick 120 nm Ni capping layer) and less than 200 Ω in
2DHGs. There was no measurable leakage current from
the topgate to the 2DEG/2DHG above the ∼ 10 pA noise
floor of the DC measurement setup, for any topgate volt-
age applied. Mobility and carrier density were obtained
FIG. 4. (color online) Typical electron density versus top-
gate voltage relationships, before (black squares) and after
(red circles) illumination, of Hall bars from all wafers fabri-
cated with: (a) a polyimide insulator (sample B), and (b) a
SiO2 insulator (sample K). (c) In all wafers, after the initial 5
seconds, longer illuminations did not appear to cause further
change in the electron density versus topgate voltage relation-
ship (sample J). (d) Most of the electron mobility gain occurs
during the first 5 seconds, with eventual saturation at longer
illumination times (sample J).









where n2d is the Hall electron carrier density, I is the AC
excitation current (along the x direction), B is the mag-
netic field (oriented perpendicular to the 2DEG plane),
Vh is the Hall voltage (obtained from Vh = [Vxy(B) −
Vxy(−B)]/2, which eliminates any offsets in Vxy at B=0),
W is the width of the Hall bar (corresponding to the
edges of the topgate), L is the (center-to-center) distance
between voltage probe contacts on the Hall bar, and Vxx
is the voltage drop along the direction of the AC current
I in the high-mobility crystal direction [11̄0]. Data for
carrier density and mobilities was taken with four sig-
nificant digits and uncertainty ranging from ±0.05% to
±0.3%. Error bars on data are thus smaller than the
symbols used in graphs, and are not shown. All data
shown in Figures 4 through 10 have been reproduced in
at least two Hall bars, unless noted otherwise.
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FIG. 5. (color online) Electron mobilities of Series I wafers
with a polyimide insulator, before (black squares) and after
(red circles) illumination (4 minutes): (a) sample A, (b) sam-
ple B, (c) sample C, and (d) sample D. Solid lines are fits to
the Boltzmann transport model described in section III, with
fit parameter values listed in Table II. Dashed lines in panel
d are fits to equation (15), describing transport near the 2D
percolation threshold.
A. Illumination of 2DEGs while Vtg =0
Examples of reproducibility are shown in Figure
3a, showing mobility measurements from two separate
cooldowns on the same Hall bar, and in Figure 3b, show-
ing mobility measurements on two separate Hall bars
from the same wafer. The narrow Shubnikov-de-Haas
(SdH) oscillations and quantum Hall (QH) effect ob-
served in Figure 3c are consistent with high mobilities.
The minima of SdH oscillations reach Rxx = 0; there is no
parallel conduction. The carrier density extracted from
the SdH oscillations matches that of the Hall density; the
2DEG occupies a single subband.
For all Hall bars from both Series I (polyimide insula-
tor) and Series II (SiO2 insulator), the topgate voltage to
FIG. 6. (color online) Electron mobilities of Series II wafers
with a SiO2 insulator, before (black squares) and after (red
circles) illumination (80 seconds): (a) sample F, (b) sample
H, (c) sample J, and (d) sample L. Solid lines are fits to the
Boltzmann transport model described in section III, and fit
parameter values are listed in Table II.
electron density relationships shown in Figures 4a and 4b
are linear and non-hysterectic, confirming no gate leak-
age or the presence of re-chargeable traps in the insula-
tor. Illumination was performed with a red LED with
wavelength λ ∼ 630 nm driven at 10 mA (Series I) or 78
mA (Series II) for durations ranging from 5 seconds to
8 minutes, while samples were grounded and no voltage
was applied to the topgate (unbiased illumination). The
largest change occurs during the first 5 seconds of illu-
mination, and subsequent illuminations have a smaller
effect. Typical examples for the density-topgate rela-
tion n2d(Vtg) and the mobility-density relation µ(n2d) are
shown in Figures 4c and 4d, respectively.
Two observations can be drawn from Figures 4a and
4b. First, the slope of the density-voltage relation, a di-
rect measurement of the capacitance between the 2DEG
and the topgate, does not change before/after illumina-
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TABLE II. List of fit parameters used to model the 2DEG mobilities shown in Figures 5 and 6, before and after illumination
(dark/light): d is the 2DEG depth below the wafer surface, ∆ is the average height of surface irregularities, Λ is the average
separation between these irregularities, Nbi-1 is the concentration of background impurities in AlGaAs, Nbi-2 is the concentration
of background impurities in GaAs, Nsc is the sheet density of surface charges, and ∆Vth is the change in the 2DEG threshold
voltage before/after illumination, rounded to the first digit after the decimal point.
Wafer d ∆ Λ Nbi-1 (dark) Nbi-1 (light) Nbi-2 (dark) Nbi-2 (light) Nsc (dark) Nsc (light) ∆Vth
ID (nm) (nm) (nm) (cm−3) (cm−3) (cm−3) (cm−3) (cm−2) (cm−2) (Volt)a
V627b 30 0.11 15 1.3×1014 – 6.8×1013 – 2.5×1011 – –
W639 160 0.15 14 3.3×1014 3.2×1014 1.2×1014 1.1×1014 <1×1010 <1×1010 +0.9
W640 110 0.11 14 3.3×1014 3.2×1014 1.2×1014 1.1×1014 0.2×1011 0.3×1011 +1.7
W641 60 0.11 14 3.3×1014 3.2×1014 1.2×1014 1.1×1014 1.7×1011 2.5×1011 +3.4
G404 310 0.07 9 2.4×1014 2.2×1014 8.9×1013 7.9×1013 <1×1010 <1×1010 +1.0
G373 160 0.10 16 2.8×1014 2.3×1014 1.0×1014 8.4×1013 <1×1010 0.4×1011 +1.1
G372 110 0.12 17 2.8×1014 1.9×1014 1.0×1014 7.0×1013 2.2×1011 2.6×1011 +1.1
G370 75 0.18 16 6.3×1014 5.2×1014 2.3×1014 1.9×1014 2.7×1011 3.2×1011 +1.4
errorc ±1 ±0.01 ±1 ±3% ±3% ±3% ±3% ±3% ±3% ±0.02
a For all the “G” wafers, the number cited in this column is the average of measurements from two Hall bars.
b This wafer is listed separately because it was grown in a different MBE chamber, part of another series described in Ref. [17].
c These uncertainties apply to the whole column.
tion within 1-2%. Second, it becomes more difficult to
induce electrons in the GaAs channel after illumination,
irrespective of insulator type or MBE growth chamber,
requiring significantly higher turn-on threshold topgate
voltages Vth, defined as the extrapolated n2d = 0 inter-
cept on the topgate voltage axis [44]. This is contrary
to what was observed in previous studies of illumina-
tion on 2DEGs in SISFETs [9, 12, 32], where Vth was
lower to achieve the same electron density after illumi-
nation. However, in SISFETs, the gate used to induce a
2DEG is a degenerately-doped GaAs layer. After illumi-
nation, all the dopants become fully ionized, yielding a
larger number of positively-charged ions. These produce
a larger electric field favourable for the formation of a
2DEG than that before illumination – in effect, a posi-
tive offset to the gate voltage. With metal topgates in
dopant-free HIGFETs, no similar effect exists.
Figures 5 and 6 show experimental electron mobili-
ties as a function of electron density for wafers from Se-
ries I and Series II, before and after illumination. As
expected, within a wafer series, mobility decreases as
the 2DEG becomes closer to the surface [45], in line
with previous studies, both in dopant-free 2DEGs and
modulation-doped 2DEGs [17, 28]. The primary mech-
anism for the degradation of the mobility as a function
of 2DEG depth is scattering from surface charges, which
becomes pronounced for 2DEG depths smaller than ∼80
nm [12, 17, 46] (also see Fig. 12 in Appendix B). In both
Figures 5 and 6, illumination increases the electron mo-
bility by up to 25% for the six deepest 2DEGs, where the
surface is 75 nm or more away. For the two shallowest
2DEGs (Figs. 5c and 5d, 60 nm and 30 nm deep, respec-
tively), mobility decreases after illumination. Since mo-
bility only decreased for the two shallowest of the eight
2DEGs surveyed, it strongly suggests that surface charge
plays a role. Previous studies on SISFET devices used
2DEGs deep below the surface (d= 250 nm in Ref. [9], 150
nm in Ref. [12], and 185 nm in Ref. [32]). Their observa-
tions of increased post-illumination mobility on dedicated
Hall bars are consistent with the data shown here.
The gain/loss in mobility shown in Figures 5 and 6
is persistent at low temperatures. Furthermore, after a
thermal cycle to room temperature, samples recover their
dark transport characteristics when cooled down again,
e.g. as shown in Figure 3a. Sample E was illuminated
during the first cooldown, cycled to room temperature,
and cooled down again. Its transport characteristics in
both cooldowns are nearly identical. In other words, like
their modulation-doped cousins, dopant-free 2DEGs dis-
play the persistent photoconductive effect.
We now turn to modeling to gain insight, using equa-
tion (1) in conjunction with eqns. (9)-(12). The crystal
irregularities’ height ∆ and separation Λ used in equa-
tion (9) for interface roughness scattering were experi-
mentally determined by surface analysis with an AFM
for each wafer, and are listed in Table II. These do not
change before/after illumination. When fitting the mo-
bilities of W639/W640/W641 before/after illumination,
the same GaAs background impurity concentration Nbi-2
(and Nbi-1 for AlGaAs) is imposed on all three wafers,
and surface charge density is used as the only free vari-
able. Best fits were obtained by minimizing the sum of
squared differences between experiment and theory. Pa-
rameter values for the best fit are listed in Table II. The
fitting procedure described for the “W” wafers could not
be applied to the wafer series G370/G372/G373/G404,
because the GaAs background impurity concentration
Nbi-2 for G370 and G404 were significantly different from
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that of G372 and G373. Instead, the AlGaAs background
impurity concentrations Nbi-1, GaAs background impu-
rity concentrations Nbi-2, and surface charge density Nsc
were used as free variables for fitting. Parameter values
for the best fit are listed in Table II.
The first common theme surmised from Table II to all
2DEGs from the “W” and “G” wafer series is that il-
lumination appears to reduce the net number of ionized
background impurities in both GaAs and AlGaAs, Nbi-2
and Nbi-1, and is responsible for the improved mobili-
ties in the 2DEGs that are 75 nm or more away from
the surface. The usual suspect for the persistent photo-
conductivity effect in modulation-doped GaAs/AlGaAs
2DEGs are the so-called deep trap DX centers in Al-
GaAs [47, 48], consisting of a single impurity atom and
an associated crystal lattice deformation. DX centers
are often linked to Si impurities, the most common in-
tentional n-type dopant in GaAs/AlGaAs 2DEGs, but
can also arise from other impurity atoms such as Ge,
Sn, Se, S, and Te [47] (e.g., S is a common impurity
in arsenic MBE sources [49, 50]). Nonetheless, in our
dopant-free HIGFETs, DX centers cannot be responsible
for the observed mobility gain at a given electron den-
sity (which modeling assigns to a decrease in the number
of ionized impurities): illumination causes an increase in
the number of DX-related ionized impurity atoms (posi-
tively charged after illumination).
So the question remains: what type of impurity would,
upon illumination, transition from a charged state to
a neutral state in both GaAs and AlGaAs? See et al.
[32] have proposed that charge neutralization of a shal-
low acceptor carbon impurity, a− → a0, could fit this
requirement. Indeed, carbon atoms are common back-
ground impurities in MBE chambers [49, 50], and illumi-
nation of carbon modulation-doped GaAs/AlGaAs two-
dimensional holes gases (2DHG) can cause a persistent
reduction of the hole carrier density, depending on MBE
growth conditions [51]. The mechanism for the charge
neutralization would first involve the optical excitation
of a band-to-band electron-hole pair in either GaAs or
AlGaAs. In our experiments, photo-generated electron-
hole pairs are possible, since the photon energy of the red
LED (∼2 eV) exceeds the bandgaps of both GaAs (∼1.5
eV) and AlGaAs (∼1.9 eV). Second, the photo-generated
hole is captured by an ionized carbon impurity in GaAs or
AlGaAs, whereas the photo-generated electron is swept
away by the 2DEG/ohmic contact/surface. After the
hole capture, the carbon impurity is now charge-neutral
(the a0 state), and its contribution to scattering 2DEG
electrons is much reduced. For the above mechanism to
be valid, the carbon impurity must already be ionized be-
fore illumination (the a− state). This could indeed be the
case: Giannini et al. reported ionization rates of more
than 80% for carbon impurities in GaAs and AlGaAs [52],
while ionization rates of up to 100% have been reported
if the doping density is less than 3×1017 /cm3 [53], the
applicable regime in the samples presented here. Thus,
unlike DX centers (which only occur in AlGaAs), charge
neutralization of shallow acceptor carbon impurities af-
ter illumination is consistent with our experimental data
and modeling.
The second common theme surmised from Table II is
that illumination appears to increase the surface charge
density. This could be caused by the activation of sur-
face states/traps by light. Another possible cause is the
accumulation of electrons at the surface for the sample
to maintain overall charge neutrality, because of elec-
trons released by impurities (such as DX centers) or
photo-generated electrons (from band-to-band electron-
hole pairs, discussed above). The increase in surface
charge density is larger for the shallower 2DEGs, and this
is reflected in both the “W” and “G” wafers by the in-
creasing change in threshold voltage (∆Vth) as the 2DEG
depth (d) becomes smaller.
Wafer V627 (Figure 5d) is treated separately from the
others. It is the shallowest 2DEG of the dataset pre-
sented here, located only 30 nm below the surface. After
illumination [54], it suffers from a dramatic loss in mo-
bility (by more than 50%), presumably resulting from
the increased scattering associated with surface charges.
Data after illumination could not be fit to Boltzmann
transport equations (9)-(12). However, it could instead
be fit (red dashed line in Fig. 5d) to the equation:
µ = A0(n2d − nc)4/3 (15)
with A0 = 1.47 × 10−2 cm2/3/Vs and critical density
nc = 3.9 in units of 10
10 /cm2 as fit parameters. Equa-
tion (15) describes transport in the regime near the 2D
percolation threshold [55–57], when the 2DEG breaks up
in “puddles” and ceases to be continuous. Before illu-
mination, data from the upper mobility range can be fit
to equations (9)-(12) with parameters listed in Table II
(black solid line in Fig. 5d), and data from the lower mo-
bility range can be fit to equation (15) (black dashed
line in Fig. 5d) with A0 = 2.89 × 10−2 cm2/3/Vs and
nc = 1.9 × 1010 /cm2. The critical density nc is higher
after illumination than that before illumination, consis-
tent with the observed decrease in mobility due to the
corresponding increase in disorder.
B. Bias illumination of 2DEGs, while Vtg 6= 0
Polyimide can leak when illuminated while Vtg 6= 0;
bias illumination was only performed on Hall bars from
Series II, with a SiO2 gate dielectric. Devices were cooled
down in the dark, and illuminated at T = 1.4 K. In order
to separate the effects of unbiased from biased illumi-
nations, devices were initially illuminated for 6 minutes
while keeping Vtg = 0. After this initial illumination,
subsequent bias illuminations were carried out by illu-
minating for one minute with the topgate held at finite
voltage values. After the LED was turned off, the topgate
was set to zero voltage, and the sample cooled back down
to T = 1.4 K (recovering from the heat dissipated from
the LED) before measurements would begin. Thus, most
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FIG. 7. (color online) Electron density versus topgate volt-
age after multiple bias illuminations on: (a) shallow wafer
G370 (sample L), and (b) deep wafer G373 (sample H). Sym-
bols used in panel a (b) are described in panel c (d), and are
in the order of bias illuminations performed during the same
cooldown, with ‘start’ being the first one. In all cases, the elec-
tron density versus topgate voltage relation is shifted by the
voltage at which the bias illumination was performed. Note
how the characteristics of the initial ‘0V’ bias illumination
(red ‘+’ symbols) are recovered when another bias illumina-
tion at Vtopgate = 0 V is performed (black ‘×’ symbols) after
three bias illuminations are performed at Vtopgate = −2, −4,
and −6 V. Electron mobilities after multiple bias illumina-
tions are shown for: (c) shallow wafer G370 (sample L), and
(d) deep wafer G373 (sample H). For clarity, only a selection
of bias illuminations are shown in these panels. The inset in
panel d has the same axes and units as in the main figure; it
is a magnified view of the data points around n2d = 1.1×1011
/cm2.
bias illuminations on a particular device were performed
during a single cooldown.
Akin to bias cooling [58–61], the density-topgate volt-
age functions n2d(Vtg) in Figures 7a and 7b are shifted by
the voltage at which the topgate was held during illumi-
nation. For the same device, the slopes of all bias illumi-
nation curves are the same as each other and the same as
that for illumination at Vtg = 0; the topgate-2DEG capac-
itance does not change. Remarkably, bias illumination
appears to be a reversible process, relative to illumina-
tion at Vtg = 0. This is illustrated in both Figures 7a and
7b: after an initial illumination at Vtg = 0 (red ‘+’ sym-
bols), a series of bias illuminations are performed before
repeating an illumination at Vtg = 0 (black ‘×’ symbols).
The n2d(Vtg) function of the initial Vtg = 0 illumination is
recovered after the subsequent Vtg = 0 illumination (the
‘+’ and ‘×’ symbols line up almost perfectly). Recov-
ery of original characteristics is not limited only to the
FIG. 8. (color online) Electron mobilities after multiple bias
illuminations for ambipolar sample L (with both n-type and
p-type ohmic contacts), and close-up view of the bias illumi-
nations at Vtg = −2, −4, −6, and +4 V (in that chronological
order), shown in Figure 7c. The two dashed lines are other-
wise identical mobility simulations, except for a difference of
∆Nsc = 8 × 1010 /cm2 in surface charge density, using the
Boltzmann transport model described in section III. The two
key features to note here are: (i) all the Vtg < 0 bias illumi-
nation mobilities fall on the same mobility curve, and (ii) the
mobility after the Vtg = +4 V bias illuminations increases.
Vtg = 0 illumination, as we have confirmed that n2d(Vtg)
of any bias illumination at Vtg =V0 can be recovered by
illuminating again with the same topgate voltage V0.
Although the effects of bias illumination on mobility
are small (with differences of up to 7% between the small-
est/largest mobilities), these are still larger than mea-
surement uncertainties (<0.6%). Figures 7c and 7d show
transport measurements on two 2DEGs, located 75 nm
and 160 nm below the wafer surface respectively. A first
observation is that, for both samples, bias illuminations
performed when Vtg > +2 V increase mobility, whereas
those performed when Vtg 6 −2 V decrease mobility. A
second observation is that the mobility gain/loss is larger
in the shallower 2DEG than in the deeper 2DEG. A third
observation is that mobility gains/losses are reversible for
both 2DEGs, within the same cooldown.
In both Figures 7c and 7d, after an initial illumination
at Vtg = 0 (red ‘+’ symbols), a series of bias illuminations
are performed before repeating an illumination at Vtg = 0
(black ‘×’ symbols). The mobility of the initial Vtg = 0
illumination is recovered after a subsequent Vtg = 0 illu-
mination (the ‘+’ and ‘×’ symbols line up almost per-
fectly). It seems improbable that these reversible mobil-
ity gains/losses are due to reversible changes in the back-
ground impurity concentrations in either AlGaAs (Nbi-1)
and/or GaAs (Nbi-2) due to bias illuminations. Never-
theless, the mobility gain/loss must be accounted for by
a decrease/increase in electron scattering.
A possible culprit could be the gate dielectric. The
amorphous SiO2 layer contains a very large number of
defects (relative to single crystal GaAs/AlGaAs), a frac-
tion of which could populate or depopulate with elec-
trons during bias illumination, in response to the finite
topgate voltage. This certainly could explain the voltage
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shifts (equal to the topgate voltage value during bias il-
lumination) in n2d(Vtg) observed in Figures 7a and 7b.
This scenario would also be consistent with the deeper
2DEGs experiencing smaller mobility gains/losses, since
they are further away from the SiO2 layer. Before illumi-
nation, the range of topgate voltages without hysteresis
is restricted to approximately |Vtg|. 5 Volts. However,
after illumination (whether at Vtg = 0 or Vtg 6= 0), the
range of topgate voltages without hysteresis is extended
to |Vtg|. 9 Volts. This suggests illumination does in-
troduce some changes to the SiO2 layer (ionization of de-
fects), and is consistent with the scenario depicted above.
However, Figure 8 presents a puzzle that cannot be ex-
plained by the scenario above. Upon close inspection, the
mobilities after bias illuminations at Vtg = −2 V, −4 V,
and −6 V on sample L (wafer G370) appear to all belong
to the same mobility curve µ(n2d). In other words, the
mobility loss has saturated after the Vtg = −2 V bias il-
lumination, which implies that the number of scattering
centers in the SiO2 layer is no longer increasing with bias
illuminations at more negative topgate voltages. Yet, the
n2d(Vtg) relation in Figure 7a shows no signs of satura-
tion, with ever larger topgate voltage shifts. The lat-
ter implies an increasing number of active defects in the
SiO2 layer from bias illuminations with increasing top-
gate voltages.
To resolve the inconsistency outlined above, we pro-
pose that the behavior of the relation n2d(Vtg) is primar-
ily affected by defect-driven charging effects in the SiO2
layer, and that the behavior of the relation µ(n2d) is pri-
marily affected by changes in surface charge density Nsc.
In this new scenario, mobility increases (decreases) when
the surface charge density decreases (increases) due to
Vtg > 0 (Vtg < 0) bias illuminations. One possible mech-
anism for a gain in mobility is the (re-)capture of elec-
trons by surface charged defects, facilitated by Vtg > 0. A
loss in mobility (for Vtg < 0) would correspond to further
ionization of “dangling” bonds at the surface (i.e. the
GaAs/SiO2 interface). The saturation of mobility loss
occurs when all available defects have been ionized.
Although there are far fewer available defects at the
surface of single-crystal GaAs than in a 300 nm-thick
amorphous SiO2 layer, ionized impurities at the wafer
surface are much more effective at scattering electrons:
(a) they are physically much closer to the 2DEG, and,
in the parlance used for quantum dot transport, (b) they
have a much bigger lever arm because of the higher rela-
tive dielectric constant in Al0.3Ga0.7As (εr ≈ 12) relative
to our PECVD SiO2 (εr ≈ 3.5). Recalling eqn. (10), the
scattering rate of electrons in a 2DEG due to an ionized
impurity is an exponentially decreasing function of dis-
tance. So, even if there are far more SiO2 bulk defects
than surface states (i.e. GaAs/SiO2 interface states),
the latter are exponentially more effective at increas-
ing/decreasing the 2DEG mobility.
This new scenario is consistent with both mobility loss
saturation (Fig. 8) and the decreasing effects of bias il-
lumination with increasing 2DEG depth (Fig. 7). Figure
FIG. 9. (color online) Proposed mechanisms during unbi-
ased/biased illuminations. (a) Vtg = 0 unbiased illumination,
starting in the dark (leftmost panel), a number of charged
states (−,+) populate the surface and the GaAs/AlGaAs lay-
ers. A photon creates an electron-hole pair (⊕ and 	, mid-
dle panel): the photo-generated hole is captured by an ion-
ized carbon background impurity (and neutralizes it), while
the photo-generated electron becomes trapped at the surface.
As a result, the density of ionized background impurities is
reduced (∆Nbi< 0), and the density of surface states is in-
creased (∆Nsc> 0) (rightmost panel). (b) Vtg < 0 bias illumi-
nation, starting from an unbiased illumination state (leftmost
panel). A photon ionizes a surface defect, and the photo-
excited electron is captured by a n-type AuGe ohmic con-
tact (middle panel). As a result, the density of background
impurities is unchanged (∆Nbi = 0), and the density of sur-
face states is increased (∆Nsc> 0) (rightmost panel). (c)
Vtg > 0 bias illumination, starting from an unbiased illumi-
nation state (leftmost panel). A photon creates an electron-
hole pair (middle panel): the photo-generated electron is cap-
tured by an ionized surface defect (and thus neutralizes it),
while the photo-generated hole is captured by a p-type AuBe
ohmic contact. The density of background impurities is un-
changed (∆Nbi = 0), and the density of surface states is de-
creased (∆Nsc<0) (rightmost panel).
9 illustrates the corresponding mechanisms for the ob-
served mobility gains/losses after unbiased/biased illumi-
nations. Next, we perform a sanity check on our proposed
scenario. The mechanism for mobility gain after a Vtg > 0
bias illumination explicitly relies on electron-hole photo-
generation, the (re-)capture of photo-generated electrons
by surface charge defects, and the presence of p-type
ohmic contacts to sweep away the photo-generated holes
(see Figure 9c). What if a sample does not have p-type
ohmic contacts?
In that case, photo-generated holes would not be swept
away by the p-type ohmic contacts, and would instead
recombine with any available electrons, most likely the
photo-generated electrons. The latter would thus not be
available to be re-captured by ionized charge surface de-
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FIG. 10. (color online) Non-reversibility of transport charac-
teristics after bias illuminations on unipolar sample M (with
only n-type ohmic contacts). For all panels, the chronologi-
cal order of bias illuminations and symbols used are identi-
cal as that indicated in Figure 7c. (a) In direct contrast to
the behavior of ambipolar Hall bars shown in Figure 8, the
mobilities after the Vtg = +4 V bias illumination (‘N’) do
not increase, but remain on the same mobility curve µ(n2d)
(dashed line) as those from Vtg < 0 bias illuminations (open
symbols). (b) Likewise, the mobilities of the initial Vtg = 0 V
bias illumination (‘+’) are not recovered when another Vtg =
0 V bias illumination is performed (‘×’) after the Vtg < 0 bias
illuminations (for clarity, only the ‘’ symbols are shown), in
contrast to behavior shown in Figure 7 for ambipolar devices.
The two dashed lines are otherwise identical µ(n2d) mobil-
ity simulations, except for a difference of ∆Nsc = 6 × 1010
/cm2 in surface charge density, using the Boltzmann trans-
port model described in section III. (c) Unlike ambipolar Hall
bars (see Figures 7a and 7b), the n2d(Vtg) curve of the original
Vtg = 0 bias illumination (‘+’) is not recovered after the sub-
sequent Vtg = 0 bias illumination (‘×’). The shift to a higher
threshold topgate voltage to reach the same electron density is
consistent with our prediction of an increase in surface charge
density Nsc (see main text).
fects (i.e., Nsc cannot decrease), and mobility would not
increase any further. Figure 10 shows that this is exactly
what is observed in experiments on sample M, which has
only n-type ohmic contacts but is otherwise identical in
all other respects to samples from Series II. After an ini-
tial unbiased illumination (red + symbols in Fig. 10), the
mobility increases by 25% from mobilities in the dark
(not shown). This mobility gain does not require the
presence of p-type ohmics, as the photo-generated holes
are recaptured by acceptor (carbon) background impuri-
ties. Next, a series of biased illuminations with Vtg < 0 (◦,
, and  symbols) are carried out, with mobility loss due
to the increase in surface charge density (the ionization
of all remaining charge surface defects). This also does
not require the presence of p-type ohmic contacts. All
mobilities fall onto the same µ(n2d) curve. Lastly, two
more bias illuminations are carried out, one at Vtg = 0
(black ‘×’ symbols) and one at Vtg = +4 V (N symbols).
Unlike the ambipolar Hall bars in Figure 7, the mobility
of the unipolar Hall bar does not recover/increase, but
remains on the same µ(n2d) curve as that of the Vtg < 0
bias illuminations, as predicted by our proposed scenario.
V. DISCUSSION AND CONCLUSION
The main result of section IV.A confirmed that unbi-
ased illuminations can reduce the background impurity
concentration by up to 30% in dopant-free 2DEGs and,
presumably, modulation-doped 2DEGs. Unbiased illumi-
nation is commonly used in fractional quantum Hall ef-
fect (FQHE) experiments on modulation-doped 2DEGs
to improve the activation energies of FQHE states, most
likely through the increase in the electron density and
the corresponding increase in Thomas-Fermi screening.
However, Samani et al. [62] were able to use an illu-
mination protocol that improved their samples’ FQHE
characteristics, while keeping the same electron density
and mobility. In light of our results, their illumination
protocol appears to ionize their intentional (Si) donor
dopants and neutralize background carbon impurities in
the first step. Then, a second step neutralizes their in-
tentional donor dopants without re-ionizing the carbon
impurities. It would be interesting to observe the effects
of illumination on FQHE states in a dopant-free 2DEG.
Our results on unbiased illumination could also be
potentially applied to dopant-free quantum dots. In
modulation-doped wafers, illumination is well-known to
render quantum dots much more noisy, presumably by
the activation of nearby DX centers in the AlGaAs layer.
However, in dopant-free 2DEGs, there are no DX cen-
ters (or, at least, their concentration is 103 − 105 times
smaller) and illumination reduces the background ion-
ized impurity concentration, so that it is conceivable that
dopant-free quantum dots could be “quieter” (less charge
noise) after illumination, provided the gate dielectric did
not contribute more (net) charge noise.
Bias illumination (section IV.B) is very similar to bias
cooling, in that it can “lock in” a built-in electric poten-
tial. By choosing the appropriate topgate voltage during
illumination, one could operate some of the gates of a
quantum dot at near zero voltage. This would reduce the
extremely small gate leakage currents (in the attoamps
range) thought to be partly responsible for charge noise
[61].
In conclusion, we have shown that unbiased (Vtg = 0)
and biased (Vtg 6= 0) illuminations have different effects
on dopant-free 2DEGs, and presented possible mecha-
nisms explaining the observed behavior. Unbiased illumi-
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nations increase (decrease) the mobility at the same elec-
tron density if the 2DEG depth below the surface is more
(less) than ∼ 70 nm. Mobility increases/decreases re-
sult from the interplay between the reduction of charged
background ionized impurities (Nbi) and the increase in
surface charge density (Nsc). Biased illuminations in-
crease (decrease) mobilities, regardless of 2DEG depth,
if the topgate voltage is Vtg > 0 (Vtg < 0), and is pri-
marily driven by changes in the surface charge density
(Nsc). The magnitude of the mobility gain/loss is larger
(smaller) for 2DEGs that are close to (far from) the
wafer surface. The two different types of illuminations
may have applications in studies of the fractional quan-
tum Hall effect and in qubits based on quantum dots in
dopant-free GaAs/AlGaAs heterostructures. They are
also relevant to to in-plane (lateral) p-i-n junctions and
devices for photon-spin conversion.
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Appendix A: Interface Roughness
The GaAs/AlGaAs interface where the 2DEG resides
is typically not a perfectly smooth planary boundary,
but consists instead of a rough/textured plane where
the electric field/barrier height have discontinuities along
the planar direction. This interface roughness is char-
acterized by the height ∆ of irregularities (be it crys-
tal defects, atomic steps, or other) in the z direction
and the separation distance Λ between these irregular-
ities in the r direction (see Fig. 1b). The distribution of
heights ∆(r) along the interface is assumed to be Gaus-
sian: < ∆(r)∆(r′) >= ∆2e−(r−r
′)2/Λ2 . The effects of in-
terface roughness are more pronounced at higher carrier
densities: as the carrier density increases, the electron
wavefunction is pulled harder against the interface (in-
creased overlap), and thus interface scattering increases.









which, after inserting the above expression in equation

























where Ndepl is the depletion charge density, Na is the
acceptor concentration in the GaAs layer, and Eg is the
bandgap in GaAs.
The depletion charge term arises if the material hosting
the 2DEG is lightly p doped by impurity atoms (Nbi-2 in
GaAs for example) or implantation (as is often the case
in Si-based devices). This changes the overall bandstruc-
ture and affects the position of the electron wavefunction.
However, because εGaAsr ≈ εAlGaAsr is assumed, the term
Γ(q) no longer depends on θ via the sin θ2 term in q and it
can be pulled out of the dθ integral. Furthermore, since
the background impurity concentration (Nbi-2) is much
less than the carrier density (n2d) in the experiments
studied in this paper, i.e. Nbi-2  12n2d, we approx-





In order to usefully model mobility, the interface
roughness (IR) terms, average height ∆ and separation
length Λ, must be accurately determined. These are ob-
tained by surface analysis of wafers with an atomic force
microscope (AFM), ensuring tip artefacts do not skew
results and a sufficiently large scan area has been used.
Preferably, AFM scans should be 10 µm × 10µm in a
FIG. 11. (color online) Example of an atomic force micro-
scope (AFM) scan on a GaAs/AlGaAs wafer, The surface
analysis of this particular scan (on wafer G370) yielded the
average height ∆ = (0.18±0.01) nm and separation distance
Λ = (16±1) nm interface roughness parameters.
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wafer area free of defects or debris, not near an edge,
and still be able to resolve 0.01 nm surface height fluctu-
ations. If there are pronounced variations of roughness
across the wafer, then the AFM scan should be performed
near where the Hall bars come from.
Appendix B: Surface Charge
Charge can accumulate at the surface of semiconduc-
tors for a variety of reasons, be it from the local reorga-
nization of the crystal lattice and bandstructure, redis-
tribution of free charges (e.g., from ionized impurities),
or the presence of excited states/dangling bonds to name
a few. In GaAs/AlGaAs heterostructures at low temper-
atures, these surface charges are usually not mobile and
their sheet density has been shown to be constant [11],
consistent with the “frozen surface model”. If the 2DEG
is close to the surface (2DEG depth below the surface is
|d| . 100 nm), these surface charges cause scattering to
2DEG carriers through Coulomb interactions [17, 21], as
illustrated in Figure 12.
Model-wise, surface charges are treated the same way
as a delta-doped layer in a modulation-doped structure,
located at the surface [37, 39]. Therefore the scattering









where Nsc is the surface charge sheet density and the
rightmost fraction is the form factor F1(q, d)
2 obtained
















where z is the coordinate of the surface charge plane, and
z = d < 0 in equation (B3). Substituting eqn. (B1) into













ε(q)2 (1 + q/b)6
dθ . (B4)
Appendix C: Background Impurities in AlGaAs
Impurity atoms are invariably incorporated into semi-
conductor heterostructures during MBE growth. These
can be either intentional dopants (for modulation dop-
ing) or non-intentional dopants (background impurities).
In the dopant-free wafers considered here, only non-
intentional background impurities are present, character-
ized by a volume impurity concentration Nbi. Ionized
impurity scattering tends to dominate over other forms
of scattering at very low carrier densities (e.g., interface
TABLE III. List of single heterojunction wafers used in Fig. 12
below, all grown with the same heterostructure as shown in
Fig. 1a (also see Ref. 17), and their mobility fit parameters.
Here, Navgbi = Nbi-1 = Nbi-2 is assumed.
Wafer 2DEG ∆ Λ Navgbi Nsc
ID depth (nm) (nm) (nm) (cm−3) (cm−2)
A2513 310 0.19 18 1.3×1014 61×1010
A2512 80 0.19 18 1.3×1014 1×1011
A2511 40 0.19 18 1.3×1014 4×1011
error ±1 ±0.01 ±1 ±3% ±3%
FIG. 12. (color online) Effect of surface charge. (a) Experi-
mental 2DEG mobilities (at T = 1.5 K in the dark) of wafers
(symbols) listed in Table III (taken from Ref. 65). Solid (red)
lines are fits from the model in section III with the parameters
listed in Table III. All data taken in the dark. (b) Breakdown
of the contributions to the mobilities shown in panel (a). The
(orange) dashed line is the contribution from interface rough-
ness (IR), common to all 3 wafers. The (green) dotted line is
the contribution from the average background impurity con-
centration (BI), common to all 3 wafers. The (purple) solid
lines are the contributions from surface charge (SC) for each
wafer. For wafer A2511 (40 nm deep 2DEG), surface charge
is the most significant scattering mechanism over the entire
electron density range, whereas surface charge is negligible for
the 310 nm deep 2DEG in wafer A2513 at all electron densi-
ties because the surface is very far away from the 2DEG. For
the 80 nm deep 2DEG in wafer A2512, even though surface
charge causes less scattering than either background impu-
rities and/or interface roughness, it is still strong enough to
cause the mobility to be noticeably less than wafer A2513.
roughness scattering or alloy scattering). Background
impurity scattering from the AlGaAs and GaAs layers
are treated separately in our model.
To quantify Coulomb scattering from impurities in the
AlGaAs barrier, eqn. (B1) for a delta-doped layer is in-
tegrated over the AlGaAs barrier volume (semi-infinite
layer approximation), replacing |d| with |z|, yielding the
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TABLE IV. List of single heterojunction wafers used in Figure
13 below, grown in two different MBE chambers with the
same heterostructure as shown in Fig. 1a, and the mobility
fit parameters for each wafer. Here, Navgbi = Nbi-1 = Nbi-2 is
assumed.
Wafer 2DEG ∆ Λ Navgbi
ID depth (nm) (nm) (nm) (cm−3)
A2460 310 0.20 20 3.3×1014
A2513 310 0.19 18 1.3×1014
V535 310 0.15 16 1.3×1014
V581 310 0.14 16 0.7×1014


















where NAlGaAs2D is the 2D sheet concentration of impuri-
ties in the AlGaAs layer, Nbi-1 is the volume impurity










′) is defined in eqn. (B3) with z′ > 0. Substi-
tuting eqn. (C2) into eqn. (8), simplifying and rewriting















Appendix D: Background Impurities in GaAs
Similarly to the treatment above for the AlGaAs layer,
the |U(q)|2 term for scattering from a strictly 2D charge








where NGaAs2D is the 2D sheet density of impurities in the
GaAs layer, z is the coordinate of the 2D charge plane,
and eqn. (B2) is used to calculate the form factor F2(q, z)
for a 2DEG interacting with a 2D charge layer located in
the same GaAs layer [37, 41]:
F2(q, z)|q= b =




F2(q, z)|q 6= b =
e(b−q)z − (c0 + c1z + c2z2)
(1− q/b)3 ebz
(D2b)
FIG. 13. (color online) MBE chamber clean-up. Electron
mobilities (at T = 1.5 K in the dark) of 310 nm deep 2DEGs
before (squares) and after (circles) the growth of some ∼ 50
wafers in: (a) the ‘A’ chamber and (b) the ‘V’ chamber. Ex-
perimental data taken from Ref. 65. Solid (red) lines are fits
from the model in section III with the parameters listed in Ta-
ble IV. The average background impurity concentration Navgbi
dropped from 3.3×1014 /cm3 in wafer A2460 to 1.3×1014
/cm3 in wafer A2513 in chamber ‘A’, and from 1.3×1014 /cm3










where z > 0. The expression for F2(q, z) is more complex
than F1(q, z) owing to the direct overlap of the 2DEG
wavefunction and the charge layer.
To quantify Coulomb scattering from impurities in the
GaAs layer, eqn. (D1) is integrated over the GaAs layer
















where Nbi-2 is the volume impurity concentration in the

















































for q 6= b . (D6b)
Substituting eqn. (D4) into eqn. (8) and simplify-















In the case of deep 2DEGs (whose depth below the sur-
face is greater than 300 nm), curve-fitting the mobility
can be reduced to a single free variable (since the inter-
face roughness terms ∆ and Λ are experimentally deter-
mined): the average background impurity concentration
by setting Navgbi = Nbi-1 = Nbi-1. Single-parameter fits of
the mobility for four 2DEGs are shown in Figure 13.
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